Piirainen JM, Linnamo V, Cronin NJ, Avela J. Age-related neuromuscular function and dynamic balance control during slow and fast balance perturbations. J Neurophysiol 110: 2557-2562, 2013. First published September 18, 2013 doi:10.1152/jn.00476.2013.-This study investigated age-related differences in dynamic balance control and its connection to reflexes and explosive isometric plantar flexor torque in 19 males (9 Young aged 20 -33 yr, 10 Elderly aged 61-72 yr). Dynamic balance was measured during Slow (15 cm/s) and Fast (25 cm/s) anterior and posterior perturbations. H/M-ratio was measured at 20% of maximal M-wave (H/M 20% ) 10, 30, and 90 ms after perturbations. Stretch reflexes were measured from tibialis anterior and soleus during anterior and posterior perturbations, respectively. In Slow, Elderly exhibited larger peak center-of-pressure (COP) displacement (15%; P Ͻ 0.05) during anterior perturbations. In Fast, Young showed a trend for faster recovery (37%; P ϭ 0.086) after anterior perturbations. M-wave latency was similar between groups (6.2 Ϯ 0.7 vs. 6.9 Ϯ 1.2 ms), whereas Elderly showed a longer H-reflex latency (33.7 Ϯ 2.3 vs. 36.4 Ϯ 1.7 ms; P Ͻ 0.01). H/M 20% was higher in Young 30 ms after Fast anterior (50%; P Ͻ 0.05) and posterior (51%; P Ͻ 0.05) perturbations. Plantar flexor rapid torque was also higher in Young (26%; P Ͻ 0.05). After combining both groups' data, H/M 20% correlated negatively with Slow peak COP displacement (r ϭ Ϫ0.510, P Ͻ 0.05) and positively with Fast recovery time (r ϭ 0.580, P Ͻ 0.05) for anterior perturbations. Age-related differences in balance control seem to be more evident in anterior than posterior perturbations, and rapid sensory feedback is generally important for balance perturbation recovery.
spindle sensitivity (Miwa et al. 1995) and/or decreased nerve conduction velocity. In addition, presynaptic inhibition modulates Ia-afferent input (Koceja and Mynark 2000; Morita et al. 1995) and could contribute to decreased reflex size with age. For example, Koceja et al. (1995) found no changes in H-reflex amplitude when elderly subjects moved from prone to standing, whereas H-reflex amplitude clearly decreased in young individuals. Similarly, Earles et al. (2000) found a decreased H-reflex response in young subjects during postural control when task complexity was increased, which was not observed in the elderly. These differences in H-reflex modulation may indicate differences in presynaptic inhibition. Age-related changes in proprioception could lead to more pronounced feedforward control during complex tasks such as dynamic balance perturbations. This could, in turn, contribute to differences in age-related neural control strategies (Fransson et al. 2004; Piirainen et al. 2012) .
The purpose of the present study was to investigate agerelated dynamic balance control and its possible connections to artificial (H-reflex) and natural (stretch reflex) reflex responses during sudden anterior and posterior balance perturbations with two different perturbation conditions (different velocity, acceleration, and amplitude). It was hypothesized that reflex responses would be larger in young individuals and that reflex amplitudes and/or latencies would be positively related to balance control in the young but not the elderly.
METHODS

Subjects.
A total of 19 young (N ϭ 9, 27.0 Ϯ 3.1 yr, weight 80.5 Ϯ 9.6 kg, height 181.7 Ϯ 5.2 cm) and elderly (N ϭ 10, 67.6 Ϯ 2.9 yr, weight 75.2 Ϯ 7.8 kg, height 173.7 Ϯ 5.9 cm) male subjects volunteered and completed the study. All subjects were physically active but did not participate in any systematic training programs. Participants underwent a medical examination by a medical doctor before taking part in the study. They provided written informed consent and were aware of the protocol and possible risks of the study. They were also advised of their right to withdraw from the study at any time. The study was conducted according to the Declaration of Helsinki and approved by the university ethics committee.
Test protocol. Subjects first attended a 1-day prestudy session where they were familiarized with the test equipment and measurements. On the actual measurement day, after preparations and a 10-min cycling warm-up (80 W), maximal isometric plantar flexion torque production was measured. The H-reflex excitability curve was then measured from the SOL muscle during standing rest, and latencies and peak-to-peak amplitudes of the maximal H-reflex and maximal M-wave were measured. Dynamic balance (Fig. 1) was measured in the horizontal plane using a custom-built balance system. During dynamic balance perturbations, electromyographic (EMG) activity was measured from SOL, medial gastrocnemius (MG), and tibialis anterior (TIB). SOL H-reflexes were also measured 10, 30, and 90 ms after each perturbation type (anterior and posterior, Fast and Slow) at an intensity corresponding to 20% of the maximal M-wave amplitude. In addition, SLR, MLR, and LLR were analyzed from SOL ( Fig. 1) , and MLR and LLR from TIB after Fast anterior perturbations. SLR responses were not detectable from TIB, probably because stretch velocity was too low. Total test session duration was ϳ2.5 h.
EMG. Bipolar EMG electrodes (Ag-AgCl, 2-cm interelectrode distance) were placed over the SOL, MG, and TIB muscles according to the recommendations of SENIAM (Hermens et al. 1999) . Before placement, the skin was shaved, abraded with sand paper, and cleaned with alcohol. Data were sampled at 1,000 Hz (NeuroLog NL900D; Digitimer, Hertfordshire, United Kingdom), amplified (gain 1,000), band-pass filtered (10 -500 Hz), analog-to-digital (A/D)-converted [CED Power1401; Cambridge Electronic Design (CED), Cambridge, United Kingdom], and recorded with Spike2 version 5 software (CED) for later analysis.
Plantar flexion maximum voluntary contraction. Plantar flexion maximum voluntary contraction (MVC) was measured using a custom-built force dynamometer (University of Jyväskylä). Subjects sat in the dynamometer with hip, knee, and ankle joint angles at 110, 180, and 90°, respectively (180°ϭ full extension). Subjects performed 3 MVCs (lasting 2-3 s) as fast as possible at 1-min intervals. Torque values were calculated by multiplying the force by the lever arm (ankle joint center to head of 1st metatarsal). Maximal torque and torque at 200 ms after contraction onset were analyzed. Data were collected and analyzed using an A/D converter (CED Power1401; CED) and Spike2 5.14 software (CED).
H-reflexes during standing. Subjects stood relaxed with earmuffs on during the H-reflex measurements. H-reflex and M-wave responses were measured from the SOL muscle by stimulating the tibial nerve in the popliteal fossa. A cathode (1.5 ϫ 1.5 cm) was placed over the tibial nerve, and an anode (5 ϫ 8 cm) was placed superior to the patella, both of which were fixed using elastic tape. Rectangular pulses with a duration of 0.2 ms were delivered at 10-s intervals (Digitimer model DS7A; Digitimer). The most appropriate stimulation point was located based on the strength of the EMG signal (highest M-wave peak-to-peak response). An increasing intensity interval (milliamperes) was then chosen to enable the H-reflex excitability curve to be measured with at least 30 data points up to the maximal M-wave. From the H-reflex excitability curve, maximal H-reflex, maximal M-wave, and their ratio were analyzed. Latencies of the H-reflex and M-wave were analyzed by visual inspection from the stimulus artifact to the first deflection of each response. In addition, M-wave latency was deducted from H-reflex latency, and the result was normalized to subject height to yield H-reflex propagation time, which incorporated nerve conduction velocity and synaptic transmission time.
Dynamic balance measurement system. Dynamic balance was measured using a commercial force plate (BT4 balance platform; HUR Labs, Tampere, Finland) placed over a custom-made perturbation device (University of Jyväskylä). The perturbation device consisted of two steel frames (bottom 910 ϫ 910 mm, middle 910 ϫ 610 mm) constructed from four 60-ϫ 30-mm steel tubes. A steel plate was placed over the middle frame, on which sat the force plate. Wheels were placed under the middle frame and the upper steel plate enabling sideways movement of the middle plate and anteroposterior movement of the upper steel plate. Two electromechanical cylinders (EMC; Bosch Rexroth) produced movement of the frames with a maximal amplitude of 300 mm, maximal force of 4,000 N, and maximal velocity of 70 cm/s. The cylinders were connected to three-phase motors (MSK030B; Bosch Rexroth) and frequency encoders (HCS02; Bosch Rexroth), which were controlled via an NI four-channel analog card (NI 9263; National Instruments) and NI eight-channel digital card (NI 9472; National Instruments). Both cards were connected to a USB card (NI cDAQ-9172; National Instruments), which was connected to the computer. Perturbation parameters (acceleration, velocity, and amplitude) were determined, and perturbations were delivered manually using LabVIEW (National Instruments) and IndraWorks software (Bosch Rexroth).
Dynamic balance trials. Balance was measured in two different ( . These conditions were chosen to enable comparisons of slow and fast perturbations but also to enable stretch reflexes to be analyzed in the Fast condition. In both conditions, 10 balance perturbations were delivered in both anterior (plate moved forward) and posterior (plate moved backward) directions in 8-to 12-s intervals in a random order. A black mark was fixed on the wall 2.8 m from the subject at eye level to stabilize the subject's visual focus during the measurements. Center-of-pressure (COP) displacement was analyzed, and the average of 10 perturbations was calculated from each direction and speed. Peak displacement and time to peak displacement were analyzed. In addition, peak-to-peak displacement during the recovery phase was analyzed 500 ms from the end of plate movement. Root-mean-square EMG from SOL, MG, and TIB was analyzed during the perturbation phase (from onset to end of perturbation; 1,000 ms during Slow and 600 ms during Fast) and the recovery phase (500-ms window from end of perturbation). EMG results were normalized to maximal EMG activity measured during fast perturbations within a 100-ms window.
H-and stretch reflexes during balance perturbations. For balance perturbation trials, the same electrode settings were used as in the standing H-reflex measurements. H-reflexes were measured 10, 30, and 90 ms after each balance perturbation. The stimulus was triggered using a clock pulse from the balance perturbation device via a NeuroLogger timer (NeuroLog NL405; Digitimer) where an appropriate delay was set. The delay between the clock pulse and the onset of the balance board movement was 10 ms, which was taken into account when adjusting the appropriate delay. The maximal M-wave was measured during the first balance perturbation. The stimulus intensity was then adjusted so that the current intensity corresponded to 20% (Ϯ4%) of maximal M-wave amplitude. Ten successful trials were analyzed and averaged from both perturbation directions, at both perturbation velocities and with all three stimulation delays. In all cases, to achieve 10 successful trials, 2-4 additional perturbations were measured because of M-wave values that were too low or too high. This resulted in a total of 140 -160 trials. Stimulation delays were varied randomly, and 2-min rest periods were given after every 20 perturbations to minimize possible muscle fatigue. EMG activity (100 -0 ms before the stimulation) normalized to maximal EMG from the Fast perturbation was used to denote background EMG (BGA ;  Table 1 ) for standing rest before the perturbation. For the stretch reflex analysis, EMG data from 10 trials were rectified and averaged from posterior (SOL) and anterior (TIB) perturbations. First, background muscle activity was analyzed within a 50-ms window before the SLR and MLR components in SOL and TIB, respectively. The onset of these components was determined relative to ankle joint displacement measured with a goniometer using the background EMG ϩ3 SD criterion and visual inspection (Kawashima et al. 2004; Nardone et al. 1995; Petersen et al. 1998 ). The SOL MLR and LLR components were analyzed approximately 20 and 50 ms after the onset of the SLR, and TIB LLR 30 ms after the onset of the MLR (Kawashima et al. 2004; Petersen et al. 1998) . Reflex responses were then normalized to maximal EMG measured during Fast anterior (TIB) and posterior (SOL) perturbations. Statistical analysis. Mean values and standard deviations (ϮSD) were calculated. Multivariate tests (multivariate ANOVA and Wilks' lambda) between independent variables (age ϫ speed) were performed on balance, H-reflex, and EMG parameters, and, where significance was observed, pairwise comparisons were used to identify the location of differences. For other dependent variables, differences between groups were examined using independent-samples t-tests and within groups using paired samples t-tests. Correlations were performed for both age groups as well as when the groups were combined using Pearson's correlation coefficient, as data were normally distributed. Results were considered statistically significant for P Ͻ 0.05. Data were analyzed using PASW software version 18.0 (SPSS, Chicago, IL).
RESULTS
Plantar flexion MVC.
Young showed significantly higher maximal plantar flexion torque (270 Ϯ 38, 223 Ϯ 40 Nm; P Ͻ 0.05) and rapid torque production (160 Ϯ 35, 117 Ϯ 35 Nm; P Ͻ 0.05). No correlations were observed between torque production and balance parameters.
H-reflex during standing rest. During standing rest, both maximal M-wave (8.25 Ϯ 2.35 vs. 5.96 Ϯ 1.88 mV; P Ͻ 0.05) and maximal H-reflex (3.92 Ϯ 2.19 vs. 1.74 Ϯ 0.91 mV; P Ͻ 0.05) peak-to-peak amplitudes were lower in Elderly. However, no significant difference was observed in H max /M maxratio between age groups (0.45 Ϯ 0.19 and 0.31 Ϯ 0.14). In Young, a positive correlation (r ϭ 0.833, P Ͻ 0.01) was observed between H max /M max -ratio and recovery displacement in Fast anterior, and a negative correlation (r ϭ Ϫ0. 0.01) between H max /M max -ratio and anterior peak COP displacement in Slow, neither of which was seen in Elderly. M-wave latency was similar between groups (6.2 Ϯ 0.7 vs. 6.9 Ϯ 1.2 ms), whereas Elderly showed a significantly longer H-reflex latency (33.7 Ϯ 2.3 vs. 36.4 Ϯ 1.7 ms; P Ͻ 0.01). Similarly, H-reflex propagation time was significantly longer (15.1 Ϯ 1.2 vs. 17.0 Ϯ 1.4 ms; P Ͻ 0.01) in Elderly. In Young, H-reflex propagation time correlated positively with time to peak displacement in the Fast anterior condition (r ϭ 0.818, P Ͻ 0.01), which was not observed in Elderly. When combining both groups' data, H-reflex propagation time correlated negatively with recovery displacement in the Fast anterior condition (r ϭ Ϫ0.535, P Ͻ 0.05).
COP displacement during balance perturbations. During slow anterior perturbations, Elderly showed significantly higher peak COP displacement ( Fig. 3; 15.0%; P Ͻ 0.05). No age-related differences were observed in the recovery phase of the slow anterior perturbation or any parameter related to the slow posterior perturbation. During fast perturbations, no agerelated differences were observed in peak displacement in either direction. However, Elderly showed significantly increased time to anterior peak displacement (34 Ϯ 28%; P Ͻ 0.05) compared with slow perturbations, which was not observed in Young (anterior 10 Ϯ 26%). In response to fast anterior perturbations, Young showed a trend (P ϭ 0.086) toward higher recovery displacement.
H-and stretch reflexes during balance perturbations. During slow dynamic balance perturbations, Young exhibited a trend toward higher H/M-ratio at all six measurement points (Fig. 4A ), but significant differences were only observed 10 ms after the posterior perturbation (P Ͻ 0.05). Neither group showed any significant changes between time points. In Fast, Young showed a higher H/M-ratio (Fig. 4B ) after both anterior (10 and 30 ms; P Ͻ 0.05) and posterior perturbations (10 and 30 ms; P Ͻ 0.05) than Elderly. In addition, both age groups showed a decreased H/M-ratio 90 ms after anterior perturbations (P Ͻ 0.01-0.001) compared with other time points. In the combined group data, Fast recovery displacement correlated positively with 10-ms (P Ͻ 0.05, r ϭ 0.525) and 30-ms (P Ͻ 0.05, r ϭ 0.580) H/M-ratio in the anterior perturbation. Similarly, in Slow, peak COP displacement correlated negatively with the 10-ms (r ϭ Ϫ0.500, P Ͻ 0.05) and 30-ms (r ϭ Ϫ0.510, P Ͻ 0.05) H/M-ratio measured during anterior perturbations. SOL and TIB background activity did not differ statistically between time points or groups.
Regarding stretch reflex responses, Young showed a shorter SOL SLR latency (32 Ϯ 2 vs. 43 Ϯ 8 ms; P Ͻ 0.001) and TIB MLR latency (52 Ϯ 4 vs. 63 Ϯ 2 ms; P Ͻ 0.001). Surprisingly, both groups showed similar normalized SLR amplitudes in SOL (Young 0.29 Ϯ 0.12, Elderly 0.33 Ϯ 0.10) and MLR amplitudes in TIB (0.28 Ϯ 0.17, 0.27 Ϯ 0.10) with similar background EMG levels (SOL 0.15 Ϯ 0.05, 0.16 Ϯ 0.05; TIB 0.03 Ϯ 0.02, 0.02 Ϯ 0.01). However, Elderly showed significantly larger SOL MLR (0.47 Ϯ 0.13, 0.76 Ϯ 0.28; P Ͻ 0.05) and LLR (0.43 Ϯ 0.21, 0.77 Ϯ 0.27; P Ͻ 0.05) amplitudes. In TIB, no age-related differences were observed in LLR amplitude (0.60 Ϯ 0.28 and 0.55 Ϯ 0.27). Similar to H-reflex responses, no age-related correlations were observed. In the combined group data, TIB MLR latency correlated negatively (r ϭ Ϫ0.496, P Ͻ 0.05) with recovery displacement. In addition, SOL SLR latency (r ϭ 0.685, P Ͻ 0.01) correlated positively with H-reflex propagation time.
DISCUSSION
The present study examined age-related dynamic balance control and its possible connections to reflex responses during sudden balance perturbations. The main finding was that agerelated differences in dynamic balance control were more evident in response to anterior than posterior perturbations, which has real-world relevance because slip-related falls usually occur in the anterior direction. Second, SOL H-reflex responses during dynamic balance perturbations were larger in younger individuals, particularly in the Fast condition, but this did not appear to affect balance control. However, SOL SLR and TIB MLR latencies were significantly shorter in Young, as Fig. 3 . Group mean COP displacement during and after Slow and Fast anterior perturbations. *P Ͻ 0.05 between-group difference. As no between-group differences were observed for posterior perturbations, these data are not shown. was H-reflex propagation time, and these parameters were associated with less COP displacement (in slow perturbations) or improved balance recovery (in fast perturbations). In response to slow balance perturbations, Elderly showed significantly larger peak COP displacement and shorter time to peak displacement. These results indicate that balance control is impaired in elderly subjects even after slow perturbations. One reason for this may be the degeneration of motor units. During aging, a loss of (particularly fast) motor units leads to motor unit rearrangement, whereby remaining motor units innervate some of the muscle fibers previously belonging to lost units (Doherty et al. 1993; Narici and Maffulli 2010; Vandervoort 2002) . This increases the size of individual motor units while decreasing the total number of motor units, potentially compromising fine motor control (Roos et al. 1997 ) and force production capacity (Roos et al. 1999) . This, in turn, may contribute to the "overshooting" effect observed in Elderly after slow perturbations, whereby the COP moved beyond the baseline during the recovery phase. Another possible source of weakened balance control in Elderly could be reduced muscle spindle sensitivity (Mynark and Koceja 2001) . Unfortunately, stretch reflexes could not be analyzed from slow perturbations because of small and inconsistent responses. There were no age-related differences in voluntary muscle activity during or after anterior slow perturbations. Similarly, no differences were observed in TIB muscle activity. Therefore, the somewhat lower H-reflex response observed in Elderly may be explained by increased presynaptic inhibition, which may also contribute to differences in balance control (Koceja et al. 1995) . This is supported by the significant correlation between peak COP displacement and H-reflex amplitude in the combined group data. However, other factors that may affect H-reflex responses include reduced number of spinal ␣-motoneurons (Doherty et al. 1993) , reduced nerve conduction velocity (Scaglioni et al. 2003) , and reduced transmission between Ia-afferents and ␣-motoneurons (Morita et al. 1995) . It should be noted that even though SOL may not be functionally important in anterior perturbations, these findings may be indicative of a general control strategy, and thus the same phenomenon may have been observed in TIB. Of the triceps surae muscles, SOL appeared to play a relatively important role in the present study, as no differences were observed in MG activation between groups and no correlations were observed between MG activation and balance control.
In Fast, both groups showed similar peak COP displacements during the perturbation phase, whereas in the recovery phase, a trend toward faster recovery was observed in Young. This may indicate a slowing of the processing of sensory feedback in Elderly. One reason for the lack of differences observed in fast balance control might be the relatively short perturbation amplitude, which was an unavoidable limitation of the balance system. Slowing of feedback processing is supported by the longer SLR latencies and H-reflex propagation time in Elderly in the Fast condition, which may be attributable to an age-related slowing in peripheral nerve conduction velocity (Doherty et al. 1994) , although synaptic transmission efficiency may also be compromised. Nardone et al. (1995) showed significant age-related differences in SLR latencies, however, it is unlikely that this difference alone can entirely explain impaired balance control. Interestingly, Elderly showed increased peak COP displacement time from Slow to Fast perturbations, which was not observed in Young. This may indicate that processing of the perturbation at a supraspinal level is slower in Elderly, although a general loss of the fastest motor units related to aging (e.g., Brown et al. 1988) and thus decreased force production may also contribute. In Fast, total perturbation time was ϳ600 ms, so central processing may be as crucial as efficient sensory feedback. It has been suggested that group II afferent fibers and supraspinal pathways contribute to MLR and LLR responses, respectively (Grey et al. 2001; Schieppati and Nardone 1997; Shemmell et al. 2010) . In the present study, Elderly showed larger SOL MLR and LLR responses during posterior perturbations. Assuming a slowing of Ia spindle feedback in older individuals, this may be indicative of a compensatory increase in spindle type II and/or supraspinal activity. Indeed, Kawashima et al. (2004) found no age-related SLR differences but larger LLR responses in the elderly and suggested that the increased LLR may be caused by enhanced supraspinal activity. In TIB, MLR and LLR amplitudes were similar between groups. However, similar to SOL, TIB MLR latency was also shorter in Young. In the combined group data, MLR latency correlated negatively with recovery displacement. Thus reflex data from SOL and TIB suggest that reflex latency may be more relevant to rapid balance recovery than reflex amplitude. This is in agreement with the concept of the SLR as the "first line of defense" rather than the sole contributor to balance recovery (Cronin et al. 2011; Duysens et al. 2008) . The apparently differing effects of aging on SOL and TIB responses may be caused by different control strategies, different structural properties (e.g., fiber type distribution), and/or different functional roles of each muscle.
Younger individuals produced higher rapid and maximal voluntary torques. Several studies have reported similar results, indicating an age-related degeneration of neuromuscular function (Kallio et al. 2012; Morse et al. 2004; Simoneau et al. 2007 ). Despite the age-related differences in the present study, torque production properties did not correlate with any balance control parameters or reflex responses. This may be at least partly attributable to a higher proportion of slow twitch fibers in plantar flexors such as SOL compared with, for example, the quadriceps muscles. Accordingly, it is possible that during sudden perturbations where high forces are needed, high power production from other muscle groups is more crucial to prevent falling (Carty et al. 2012; Piirainen et al. 2010) . Age-related differences in H-reflex responses were particularly evident in the early stage of the perturbation (10 and 30 ms after perturbation onset) in Fast. These differences might simply be caused by higher presynaptic inhibition in Elderly. For example, Koceja et al. (1995) showed significantly lower H-reflex responses in the elderly during standing with matched muscle background activity. Similarly, Baudry and Duchateau (2012) showed lower H-reflex responses in the elderly, suggesting changes in muscle control during aging. In this study, we did not observe any differences in background activity of agonist or antagonist muscles, so presynaptic inhibition seems a likely explanation for the observed age-related differences. In Fast, H-reflex amplitude decreased significantly in both groups 90 ms after anterior perturbations. Tokuno et al. (2008) observed a similar phenomenon during backward postural sway, suggesting increased presynaptic inhibition as a likely cause. However, in the present study, it is highly likely that reciprocal inhibition also influenced the H-reflex depression at 90 ms because TIB became active at this time point. Surprisingly, although age-related differences were observed in H-reflex amplitudes, these differences did not seem to contribute to decreased balance control in the elderly.
In conclusion, age-related declines in balance control seem to be more evident during anterior than posterior perturbations, which may contribute to the high incidence of slip-related falls in older individuals. Stretch reflex latencies appear to be age-related, whereby shorter latencies in young individuals are associated with smaller balance disturbances during a perturbation or faster balance recovery after a perturbation. Conversely, reflex amplitudes may play a smaller role in balance control in this context. Delayed stretch reflex responses combined with reduced spinal sensitivity (revealed by H-reflex measurements) may be indicative of a greater reliance on central rather than peripheral neural pathways during balance recovery in elderly individuals.
